Experimental and numerical analysis of bending angle variation and longitudinal distortion in laser forming process  by Zohoor, Mehdi & Zahrani, Esmaeil Ghadiri
Scientia Iranica B (2012) 19 (4), 1074–1080
Sharif University of Technology
Scientia Iranica
Transactions B: Mechanical Engineering
www.sciencedirect.com
Experimental and numerical analysis of bending angle variation and
longitudinal distortion in laser forming process
Mehdi Zohoor ∗, Esmaeil Ghadiri Zahrani
Faculty of Mechanical Engineering, K.N. Toosi University of Technology, Tehran, Iran
Received 3 July 2011; revised 19 February 2012; accepted 17 June 2012
KEYWORDS
Laser forming;
Longitudinal distortion;
Bending angle variation;
Scan speed pattern;
Numerical analysis;
Experimental approach.
Abstract Laser forming is a non-traditional process, in which the laser beam is used as a forming tool.
Two major defects occur during this process: longitudinal distortion along the laser path and bending
angle variation along the free edge of the sheet. These two phenomena were studied by using numerical
and experimental approaches. Laser scanning speed was applied along the straight-line in two ways: a
fixed scan speed pattern and a variable scan speed pattern. In order to record the experimental data,
an accurate non-contact optical measuring method was used. Experimental and finite element results
have shown that, in the fixed scan speed patterns, by increasing the speed, the longitudinal distortion and
bending angle were reduced. In the variable speed patterns, the fluctuation of scan speed has no effect on
the reduction of longitudinal distortion and bending angle. The numerical and experimental results were
compared and good correlation was found between them
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Laser forming is a non-contact forming process. Stresses
and strains created due to temperatures induced by laser
causes plastic deformations in the sheet, which leads to sheet
bending [1]. The sheet bending angle (αb), is the angle at which
the free edge of the sheet meets the horizontal plane. Ideally,
this angle along the free edge of the sheet metal should be
equal in magnitude, but, in practice, this angle varies. Laser
forming has been a popular research topic, and the purpose
of most of the work undertaken was to measure the bending
angle and to study the mechanisms governing this process
under different conditions. Variations in bending angle and
longitudinal distortion are drawbacks in the forming operation,
which largely reduces the accuracy of the laser forming process.
Therefore, it is necessary to investigate and evaluate these two
factors.
∗ Corresponding author.
E-mail addresses:mzohoor@kntu.ac.ir (M. Zohoor), Es.ghadiri@gmail.com
(E.G. Zahrani).
Peer review under responsibility of Sharif University of Technology.
1026-3098© 2012 Sharif University of Technology. Production and hosting by Els
doi:10.1016/j.scient.2012.06.020Shichun and Jinsong [2] reported the effects of parameters
relating to the geometry of the sheet metal and laser beam
on the amount of the bending angle. They found that the
most important geometric parameter is sheet thickness. They
have shown that, with decreasing thickness, the bending angle
increases and, also, the bending angle is inversely proportional
to the beam diameter. Bao and Yao [3] considered variations
of bending angle based on the buckling mechanism, and found
the relation between the variation in bending angle and the
type of deformation mechanism. Hsieh and Lin [4] studied the
effect of temperature penetration rates on a bending angle in
sheet metal. They have shown that the temperature gradient
created on the sheet surface is related to laser beam power,
laser beam diameter, sheet thickness and laser beam scanning
speed. Birnbaum et al. [5] studied the effect of clamping the
sheet on the bending angle profile. The results of this research
indicated that in a constrained sheet, due to the comparative
displacement of the free edge of the sheet, variations in the
bending angle are increased. Shen et al. [6] investigated the
variations of bending angles. They have shown that a step scan
speed pattern, with respect to a fixed pattern, is more effective
in decreasing the variation of bending angle phenomenon.
Another very important defect is longitudinal distortion.
Longitudinal distortion is unwanted deformation acquired by
sheet metal along the laser path. According to the research
undertaken by Zhang et al. [7], the perpendicular displacement
evier B.V. Open access under CC BY-NC-ND license.
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of three points, at the entry, middle and exit of the straight
path of the laser beam, generates longitudinal distortion in the
bending process. This perpendicular displacement on the sheet
produces a curvature on the x–y plane. Guoxin [8] presented
a number of mathematical relationships which show that
both bending angle and longitudinal distortion are affected
by heating conditions. Heating temperature varies according
to different parameters, such as laser beam intensity and
speed [9,10].
In the laser forming process, the bending angle variations
and longitudinal distortion in the workpiece decrease the
accuracy of the final formed shape of the product. In this
research work, these two phenomena were studied along a
straight-line, under different laser beam scan speed patterns,
using numerical (FEM) and experimental approaches. A straight
laser beam path was selected to perform a bending operation
on sheet metal. The scan speed patterns were designed as
fixed and variable types. In addition to the variable scan
speed patterns suggested by Shen et al. [6], a novel model,
in which the scan speed varies linearly, is presented in this
paper. Five setups have been designed for experimental testing.
Then, experimental tasks were carried out and all results
were recorded by non-contact optical measuring equipment.
A fixed scan speed pattern, with three different quantities and
two variable patterns, was simulated. Finally, a satisfactory
comparison between the experimental and numerical results
was conducted.
The contribution and the novelty of the laser forming field
are presented as follows:
(a) To predict bending angle variations and longitudinal
distortion in the workpiece, the most important effective
parameter, such as the scan speeds of laser beams, on
these two phenomena, were investigated by numerical and
experimental approaches.
(b) Two scan speed patterns are presented in this research
work, in which one pattern has been developed for the first
time.
(c) A non-contact, optical measuring precise method was used
to record the experimental results.
2. Finite element simulation
To perform a simulation of the laser forming process using
the finite element method, parameters, such as boundary
conditions, and the mechanical and thermal properties of
the material, were considered. Sheet metal was selected as
the workpiece. Commercial software was used for coupled
thermal–mechanical analysis [11].Figure 2: Fixed scan speed pattern (30 mm/s, 40 mm/s and 50 mm/s).
Figure 3: Step scan speed pattern [6].
Figure 4: Inclined linear scan speed pattern.
2.1. Geometric model
Three-dimensionalmodelingwas conducted. Theworkpiece
geometry was rectangular in shape (80×80×2mm) as shown
in Figure 1. The path of the laser beam from the free edge
of sheet is equal to 40 mm. The three points of A, B and C
are located along a straight-line, which is called the ABC-path
(Figure 1).
2.2. Scan patterns modeling
The fixed scan speed pattern has three quantities as follows
(Figure 2):
30 mm/s, 40 mm/s and 50 mm/s.
In step and inclined linear speed patterns, the speed along
the ABC-path would change according to Figures 3 and 4,
respectively.
In the step speed pattern, the beam along the ABC-path
moves with eight different speeds and in equal 10 mm spaces
(Figure 3). This pattern was also presented by Shen et al. [6].
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No. Laser parameters Model geometric parameters
Beam dia (mm) Power (W) Scan pattern type Thickness (mm) Width (mm) Length (mm) Beam position (mm)
1 5 1000 Constant V = 30 mm/s 2 80 80 40
2 5 1000 Constant V = 40 mm/s 2 80 80 40
3 5 1000 Constant V = 50 mm/s 2 80 80 40
4 5 1000 Step 2 80 80 40
5 5 1000 Inclined linear 2 80 80 40In the inclined linear speed pattern, the laser beam speed
movement changes linearly in four regions (Figure 4).
In practice, the sheet metal is fixed and the laser beam is
movable. The modeling was performed on the same principle
as a beam having a transverse motion, and the model was
stationary.
According to the three scan speed patterns, the values
of beam speeds are defined in a subroutine program for
distributed heat flux. This was performed by calculating the
time required for the beam to pass one step. This time was
determined by ti = xi/Vi i = 0, 1, . . . , 8, where xi is the length
of each step andVi is the speed of the scan in one step. In the step
pattern, the length of each step is 10 mm and the value of Vi is
fixed. Therefore, in this pattern, the time of the beam transverse
movement from one step to another is simply calculated by
ti = xi/Vi, and the result will be an integer in this analysis.
In the inclined linear scan speed pattern, speed is not
constant in each region and varies linearly. In this case, the value
of Vi in each region would be calculated as follows:
Vi =
i+1
i=0
δvi,
where δvi is the difference between the two speeds. In order to
determine ti, the following expression was used:
Vi = xi/ti = axi + b,
where ‘‘a’’ and ‘‘b’’ are slope and initial speed, respectively.
2.3. Meshing scheme
In all five simulations, three-dimensional linear elements,
each with 8 nodes, were used (C3D8T). 7888 elements were
used in each model. Each element had two field variables:
temperature and displacement [11]. In order to reduce the time
of analysis, a scheme of non-uniform mesh was used [12,13].
2.4. Heat flux
Heat flux ‘‘q’’ is produced by the laser beam on the surface of
the sheet metal. If the beam profile follows an ideal Gaussian
distribution, the dominated mathematical relationship of the
heat flux is expressed as follows [14]:
q (x, y) = 2ηP
πr2
EXP

−2(x− x0)
2 + 2(y− y0)2
r2

W/m2, (1)
where ‘‘η’’ is the absorption coefficient, ‘‘P ’’ is laser power
(w), ‘‘r ’’ is the beam radius (m) and ‘‘(x0, y0)’’ is the
coordinate central point of the beam. With respect to the laser
beam movement along the straight-line, y0 remains constant
throughout the laser path. Eq. (1) was used in a subroutine
provided by FORTRAN programming language [15].
The heat flux average q(x, y) as a surface loadwas calculated
from Eq. (2) [14].
q(x, y) = 0.865ηP
πr2
. (2)2.5. Boundary condition
To apply physical boundary conditions in the model, one
side of the model was constrained in all degrees of freedom
(Figure 1). In this process, themajor portion of the cooling phase
was done via convection. Convection boundary conditionswere
imposed as Eq. (3) [16].
qc = hc(Ts − T0), (3)
where ‘‘hc ’’ is the convection coefficient, which is equal to
10 W/m2 °C, room temperature T0 = 20 °C, and Ts is the sheet
surface temperature. Also, heat transfer ‘‘ qr ’’ via radiation was
obtained by Eq. (4) [16].
qr = σεr(Ts4 − T04), (4)
where σ = 5.68 ∗ 10−8 W/m2 k4 is the Stefan Boltzman
constant and εr = 0.4 is the surface emissivity coefficient [16].
2.6. Material properties
The material used in this research was steel DIN 1.0584
(equivalent to ASTM A131 and SAE 1513 standards), which is
used in ship industries [17]. Due to changes in temperature,
there will be no change in density. Therefore, its density
remains constant and is equal to 7859 kg/m3 [13].
3. Experiment setup
Five experimental tests have been conducted and a contin-
uous laser CO2 was used for this research work (LASER system
made in the TRUMF company; model TCL3030). The maximum
power output of the system was 1.5 kW. Before doing exper-
imental work, the sheet metal samples were machined by a
milling operation and then ground to get smooth surfaces. The
specified parameters given in Table 1 and the graphite coating
were used in all experimental tests. Nitrogen gas, as a shielding
gas, was used to protect the sheet metal surface from singeing.
Sheet metal samples were constrained from one side by apply-
ing a fixture. Then, the laser beamwith speed, according to scan
patterns specified in Table 1, were applied on their surfaces. In
order to maintain a natural convectional cooling condition, no
gas and water jet were used. To measure the surface flatness of
the samples, a three-dimensional optical scanner machine (So-
lutionix company, model Rexcan III, with lens of 5 M pixel) was
used. After doing experimental work, the deformation obtained
by the laser beamwasmeasured by a three-dimensional optical
scanner machine. These three-dimensional coordinates belong
to the upper surface of the workpiece. By using CATIA software,
these points converted to a surface. The bending angles and lon-
gitudinal distortions in CATIA were measured by using surface
contour lines.
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Figure 6: Temperature distribution along DBE path at three different times
related to case 1 (FEM results).
Figure 7: Strain distribution along DBE path at three different times related to
case 1 (FEM results).
4. Comparison between simulation and experimental re-
sults
4.1. Case 1
The laser forming process was modeled using the finite
element method, according to the details of the first row in
Table 1 and Figures 5 and 6. Then, the results of temperature
(Figure 6), and strain (Figure 7)were calculated by the software.
In case 1, the heating time was 2.66 s and the total duration of
the operation (cycle time) was 6 s.
All paths and points marked with (′) are related to the lower
surface of the sheet metal.
Temperature distribution diagrams for the DBE-path (Fig-
ure 5) are indicated in Figure 6 for three different times (t =
1.29 s, 1.33 s, 1.365 s), and a comparison of the three diagrams
shows that maximum temperature occurs at the time of t =
1.365 s. For maximum temperature occurrence, the time was
delayed by 0.032 s, with respect to 1.33 s. The reason for this
phenomenon is that themaximum temperature always appears
at the rear of the beam.
Plastic strains along the DBE-path at three different times
(t = 1.273 s, 1.33 s, 1.365 s) show that the value of strain at
time t = 1.273 s is tensile, and at time t = 1.33 s is compressiveFigure 8: Longitudinal distortion related to case 1.
Figure 9: Bending angle along the free edge of sheet metal related to case 1.
(Figure 7). This happens due to the thermal expansion and con-
traction caused by heat radiation. Consequently, first counter-
bending and then steady-state bending occur. The time interval
between counter-bending and steady-state bending is given by
△t = 1.33− 1.273 = 0.057 s.
With respect to Figure 1, at the beginning of the operation,
the ABC-path is a straight-line, but, at the end of the operation,
its shape converted to a parabola (Figure 8). This unwanted
deformation is called longitudinal distortion, which occurs in
the laser forming process at the end of the operation (t = 6 s).
According to the results demonstrated in Figure 8, longi-
tudinal distortion at point A is maximum and, in point B, is
minimum. This happens, because the maximum heat flux oc-
curs behind the beam, and, therefore, at higher temperature,
a greater displacement (U3) occurs at the beginning of the
path.
A comparison of bending angle variations along the free edge
of the sheet in simulation and experimental results shows that
almost two diagrams are ascending, such that the maximum
bending angle occurs at point C. The finite element technique
underestimated the value of the bending angle, with respect to
the experimental method (Figure 9).
4.2. Case 2
According to the details of the second row in Table 1 and
Figure 5, themodelingwas performed by FEM. The heating time
was 2 s and the operation time (cycle time) was 6 s. In this
case, longitudinal distortion and bending angle variations along
the free edge of the sheet metal have been investigated. The
longitudinal distortion values decreased compared to case 1. In
case 2 (V = 40 mm/s), the finite element results are closer to
the experimental results when compared to case 1 (Figure 10).
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Figure 11: Bending angle variations along the free edge of sheet metal related
to case 2.
Figure 12: Longitudinal distortion related to case 3.
Therefore, as the scan speed increases, more accurate results
can be obtained by FEM.
In case 2, due to increasing the scan speed, the bending angle
at points A and C is reduced (Figure 11).
4.3. Case 3
In case 3, according to the details of the third row in Table 1
and Figure 5, the modeling was performed by FEM. The heating
time was 1.6 s and the cycle time was 6 s. According to the
higher scanning speed, longitudinal distortion values decreased
compared to the first and second cases. However the curve
along the ABC-path is a completely symmetrical curve, with
respect to the vertical axis (Figure 12).
In case 3, due to increasing the scan speed (V = 50 mm/s),
the bending angle at points A and C is reduced compared to the
previous cases. But the shape of the diagram is more similar to
full parabola than in previous cases (Figure 13).Figure 13: Bending angle variations along the free edge of sheet metal related
to case 3.
Figure 14: Model for step scan patterns related to case 4.
Figure 15: Temperature distribution related to case 4 (FEM results).
4.4. Case 4
Here, the step scan pattern was selected as a variable
parameter (Table 1). In this case, the time taken to move the
laser beam along path ABC is recorded in 8 steps, as follows:
0.25 s− 0.7 s− 1.066 s− 1.389 s
− 1.688 s− 1.983 s− 2.301 s− 2.64 s
These times are equal to the time at which the laser beam
reaches the coordinates of the center of each step (Figure 14).
In the temperature distribution diagrams, among the eight
paths, it is observed that alongpath 1,with 20mm/s scan speed,
the temperature was increased to 1200 °C. By increasing scan
speed in the next steps, temperature decreases simultaneously,
so temperature values along paths 2, 3 and 4 were recorded
as 1050, 950 and 900 °C, respectively. Then, along paths
5–8, the temperature remains constant (Figure 15). In fact,
in this pattern, the minimum temperature (900 °C) occurs
corresponding to maximum scan speed.
The strain investigated along path 1′ shows that the value of
strain in the direction of the y-axis is zero (Figure 16).
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Figure 17: Longitudinal distortion related to case 4.
Figure 18: Variations of bending angle along the free edge of sheet metal
related to case 4.
The results presented in Figure 17 related to the ABC-path
show that, for 30 mm < x < 60 mm, longitudinal distortions
have remained approximately constant. In this range, the laser
beam has the highest speed value.
The variation of bending angle in case 4 is shown in
Figure 18. The minimum value is at 30 mm, and two maximum
values are at the beginning and end of the curve (Figure 18).
4.5. Case 5
Here, the inclined linear scan pattern was selected as a
variable parameter (Table 1). In this case, the time taken to
move the laser beam along path ABC is recorded in 4 steps, as
follows:
0.2 s− 0.7 s− 1.485 s− 2.164 s
These times are equal to the time in which the laser beam
reaches the coordinates of the center of each step (Figure 19).
Figure 20 shows the temperature distribution along four
paths. There is a difference between the temperatures of path
1 and path 2 (Figure 20). This temperature difference is due to
an increase in the speed between two ranges of 0 < x < 10mm
and 10 mm < x < 30 mm.Figure 19: Model for inclined linear scan patterns related to case 5.
Figure 20: Temperature distribution related to case 5 (FEM results).
Figure 21: Strain distribution related to case 5 (FEM results).
Figure 22: Longitudinal distortion related to case 5.
In the inclined linear scan pattern, strain distribution along
path 2 is less than that of the other three paths, due to a
reduction in temperature and the sharp slope of speed variation
(Figure 21).
The longitudinal distortion in the linear scan pattern is
not constant anywhere along the ABC path (Figure 22). The
distortion curve obtained is in the form of parabola. But, at
x = 30 mm, the value of distortion is close to zero, and, at
points A and C, the curve has its maximum value (Figure 22).
The finite element technique overestimated the value of
longitudinal distortion compared to the experimental method.
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In finite element analysis, the curve trend of the edge
effect is quite different from previous cases, so that the
maximum lateral bending angle of the inclined linear scan
pattern occurs in point A. The angle at point C has been reduced
compared to previous cases. This reduction was more intense
in experimental results (Figure 23).
5. Conclusion
In this article, the variation of parameters, such as bend-
ing angle and longitudinal distortion, were studied in the laser
forming process, using experimental and finite element ap-
proaches. Then, the results of bothmethodswere compared and
good agreement was found between them. Finally, the follow-
ing points were concluded:
1. In the fixed scan speed pattern, by increasing the scan speed,
the distortion quantitywas decreased, whichmeans that the
longitudinal distortion is inversely proportional to the scan
speed values.
2. In the step scan speed pattern, by increasing the step speed,
the sheet surface temperature was decreased, which causes
lower strain to be obtained.
3. In the inclined linear scan speed pattern, with a rapid
increase in scan speed, temperature distribution along the
lines perpendicular to the laser paths decreased. Therefore,
plastic strain was reduced.
4. In general, in order to control the longitudinal distortion
and bending angle, an optimum fixed scan speed was found
(40 mm/s).
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